Many physiological functions of helicases are dependent on their ability to unwind nucleic acid duplexes in an atp-dependent fashion. Determining the kinetic frameworks of these processes is crucial to understanding how these proteins function. We recently developed a fluorescence assay to monitor rna duplex unwinding by DeaD-box helicases in real time. In this assay, two fluorescently modified short reporter oligonucleotides are annealed to an unmodified rna loading strand of any length so that the fluorescent moieties of the two reporters find themselves in close proximity to each other and fluorescence is quenched. one reporter is modified with cyanine 3 (cy3), whereas the other is modified with a spectrally paired black-hole quencher (BHQ). as the helicase unwinds the loading strand, the enzyme displaces the cy3-modified reporter, which will bind to a capture or competitor Dna strand, permanently separating it from the BHQ-modified reporter. complete separation of the cy3-modified reporter strand is thus detected as an increase in total fluorescence. this assay is compatible with reagentless biosensors to monitor atpase activity so that the coupling between atp hydrolysis and duplex unwinding can be determined. With the protocol described, obtaining data and analyzing results of unwinding and atpase assays takes ~4 h.
IntroDuctIon
Many aspects of DNA and RNA metabolism require remodel ing of duplex regions by helicases. These enzymes can be clas sified into six superfamilies (SFs) that either form (SF3-6) or do not form (SF1-2) ring structures 1,2 . To date, all eukaryotic RNA helicases can be classified as either belonging to SF1 or SF2 (refs. 1,3,4). The proposed mechanisms by which helicases perform their functions vary greatly. They include unwinding processively by translocating along nucleic acid duplexes, or by unwinding in a nonprocessive manner without translocation. Many physiological functions of helicases are dependent on these enzymes' ability to unwind nucleic acid duplexes in an NTPdependent fashion. The connection between energy expenditure and unwinding is best studied using quantitative in vitro measurements of both activities (i.e., NTP hydrolysis to NDP and nucleic acid unwinding) under identical conditions. Determining the kinetic framework of these coupled processes will help generate models that describe how helicases remodel nucleic acid secondary structure.
Overview of fluorescence-based unwinding and ATP hydrolysis assays
Recently, we and others developed a simple fluorescence quench ing assay that uses two modified RNA strands to study duplex unwinding by RNA helicases ( Fig. 1a; refs. 5, 6) . The assay moni tors fluorescence resonance energy transfer (FRET) to detect the separation of a fluorophorelabeled reporter strand from a load ing strand that is modified with a spectrally paired quencher dye. Complete strand separation is detected in real time as an increase in the total fluorescence of the reporter strand. The cost and reli ability of RNA oligonucleotide synthesis and labeling limit the applicability of this approach to relatively short RNA templates. To overcome this limitation, we have adapted our assay to use two short modified reporter strands designed to anneal to either natu ral or engineered binding sites on an unmodified RNA loading strand that is easily generated by in vitro transcription ( Fig. 1b; ref. 7) . By using this approach, we have analyzed duplex unwinding on much longer (~1 kb) RNA substrates than those analyzed via the approach described in Figure 1a .
Both assays yield comparable results that can be used to repro ducibly determine the kinetic parameters of duplex unwinding by DEADbox helicases. Importantly, ATP hydrolysis can be moni tored in both of these unwinding assays using commercially avail able fluorescent biosensors that detect phosphate release [8] [9] [10] . The ability to measure both duplex unwinding and ATPase activities under identical conditions reveals the relative coupling efficiency of helicases. Investigations of reaction conditions and the effects of accessory factors or drugs can easily be accommodated by these protocols in order to use them to evaluate regulatory interactions and perform drug candidate screening. We have successfully used these methods to probe the mechanism of the DEADbox helicase eIF4A, but they should be applicable to study any RNA helicase.
Applications of fluorescence unwinding assay
Fluorescence methods are widely applied to probe biochemical and kinetic mechanisms of duplex unwinding by helicases, both in bulk solution and singlemolecule measurements [11] [12] [13] . Multiple types of fluorescence data can be combined so that information is obtained for different processes in real time, as described here for duplex unwinding and ATPase activities.
Our modified helicase assay offers some distinct advantages over an assay that uses two modified RNA strands to study their unwinding by RNA helicases 5, 6 . The use of an unmodified RNA loading strand enables the measurement of duplex unwinding within physiologically relevant RNAs without sequence length limitations. Altering the position of the fluorescent reporter strands offers a rapid and flexible way to investigate relationships between unwinding rates and distinct features of the RNA strand. By using variously positioned reporters labeled with different fluorescent dyes, movements of helicases or entire complexes can be more precisely determined. One such application could be to monitor duplex unwinding within 5′ untranslated regions Real-time fluorescence assays to monitor duplex unwinding and ATPase activities of helicases (5′ UTRs) of mRNAs. By using a number of reporters, it should be possible to observe the progress of the scanning ribosome using either cell extracts or purified components.
Recently, a version of the FRETbased duplex unwinding assay that uses both fluorophoremodified loading and reporter strands (Fig. 1a) was successfully used by others to identify HCV helicase inhibitory activities in marine extracts 5 . Our improved version of this assay will enable screening to be carried out using more physiologically relevant RNA substrates (Fig. 1b) .
Comparisons with other unwinding and ATPase assays and limitations
A number of in vitro assays are available to determine helicase duplex unwinding and ATP hydrolysis and rates. Each assay has different advantages and disadvantages that should be carefully considered before deciding which to adopt. The most widely used analytical method to monitor unwinding is the electrophoretic mobility shift assay (EMSA) 14 . Although this approach enables researchers to generate reliable quantitative data, the utility of the EMSA is limited by (i) its temporal resolution, (ii) the number of time points that can be conveniently analyzed and (iii) the rela tively long amount of time (hours to overnight) it takes to obtain results. These limitations make EMSAs both less convenient than realtime assays and unsuitable for highthroughput screening.
By contrast, FRETbased assays have a number of advantages over traditional EMSAs. First, they all report on duplex unwind ing in real time using a single reaction [5] [6] [7] [15] [16] [17] [18] . This characteristic enables rapid data generation and avoids the need to remove small fractions of the assay sample at different time points for gelbased analysis. Importantly, fluorescence assays are not limited by the frequency of time point acquisition, enabling researchers to collect data points on the second scale or faster. This feature can be particularly valuable when fitting data to single or double exponential rate equations. These assays therefore enable the col lection of precise kinetic unwinding data within minutes of carry ing out the experiment rather than the hours that are required for gelbased assays. In addition, fluorescence unwinding assays can be readily adapted for use in highthroughput assays to identify inhibitors and activators of helicase function.
The molecular beaconbased helicase assay (MBHA) is an elegant method to study RNA and DNA helicases. This assay monitors the dissociation of a hairpinforming RNA or DNA oligonucleotide that is modified with a fluorescent moiety on one end and a quencher on the other 15, [17] [18] [19] [20] . Alternatively, the fluorophore and quencher can be split between two molecular beacons that are annealed side by side to an RNA loading strand 21 . The advantage of the MBHA compared with our assay is that re annealing of the molecular beacon to the loading strand following unwinding is not possible, thereby bypassing the need to intro duce a capture strand to measure unwinding rates. Although these assays have been used very successfully to monitor unwinding by some DNA and RNA helicases, they are not effective for mea suring DEADbox RNA helicase function. DEADbox helicases can load onto the singlestranded loop region of the dissociated molecular beacon hairpin and unwind the hairpin, making it dif ficult to distinguish the rate of unwinding of the molecular bea con from the loading strand from the rate of hairpin unwinding of the dissociated molecular beacon. To circumvent this problem, a DNAbased molecular beacon can be used instead of an RNA based one, but the DNARNA hybrid duplex that would result is not a physiologically relevant substrate for DEADbox helicases. To study DEADbox protein function, the fluorescence unwind ing assay that we describe here simply uses two relatively short modified fluorophore and quencher strands (19-24nt long) that do not form hairpin structures when dissociated from the loading strand (Fig. 1b) . These reporters can be annealed to unmodified loading strands of diverse sequences and lengths. Any desired loading strand is easily produced by in vitro transcription, ena bling the rapid generation of a variety of targets 7 .
All fluorescencebased methods have intrinsic limitations. They do require expensive specialized equipment, such as a high quality, sensitive fluorometer. Fluorescence intensity changes may vary with pH and temperature, limiting the use of these methods under particular assay conditions. In addition, calibrating a fluo rescence intensity change to quantify the reaction progress can also be challenging, although implementing the present protocol is relatively easy. Similarly to gelbased assays, only complete strand separation is detected in our assay, providing little information concerning unwinding intermediates. As an alternative approach, sitespecific 2aminopurine replacements of adenine can monitor intermediates in duplex unwinding. Loss of base pairing results in an increase in fluorescence that can be monitored in real time by using standard or rapid mixing techniques 22 . Another concern relevant to fluorescencebased approaches is that the presence of fluorescent dyes can increase duplex stability, at least with DNA substrates 23 . When this tendency surfaces, it can make it difficult (a) A reporter strand modified with Cy3 at its 5′ end (red) is annealed to a complementary loading strand (black) that is modified with a spectrally Cy3-paired BHQ at its 3′ end. The loading strand possesses a single-stranded 5′-end extension that can be varied in length. Annealing of the reporter strand to the loading strand results in the fluorescence signal from the Cy3 dye to be quenched. (b) A reporter strand modified with Cy3 at its 5′ end (red) is annealed to an unmodified complementary loading strand (black).
A second reporter strand modified with a spectrally Cy3-paired BHQ on its 3′ end is annealed to the loading strand so that the BHQ and Cy3 dyes are positioned with a one-nucleotide gap between them, and, once again, Cy3 fluorescence is quenched as a result. The loading strand possesses a single-stranded 5′-end extension that can be varied in length. In both assays, the addition of the helicase and ATP promotes reporter strand detachment, resulting in an increase in Cy3-associated fluorescence.
A tenfold molar excess of a DNA competitor strand (green) that is complementary to the reporter strand is added to each reaction to prevent re-annealing after unwinding.
to accurately measure the effect of duplex stability on unwinding rates. This potential interference can be evaluated by comparing unwinding rates of modified and unmodified substrates by using an alternative nonfluorescence assay such as EMSA. Fluorescent dyes can also interact with helicases, resulting in fluorescence changes not associated with unwinding 24 . Duplex unwinding by helicases requires NTP hydrolysis. Understanding how NTP hydrolysis is coupled with duplex unwinding is important and requires quantitative assays of both NTP hydrolysis and unwinding. The requirement and stoichiom etry of the hydrolysis step for unwinding may vary between differ ent helicase mechanisms. For DEADbox proteins, ATP hydrolysis is only required for the release of the singlestranded product dur ing the recycling step 25 . A widely used approach to investigate ATP hydrolysis is to measure conversion rates of radioactively labeled ATP into ADP and inorganic phosphate (P i ). In this assay, the separation of these products can be monitored at different time points by thinlayer chromatography 26, 27 . Similarly to EMSA, this method does not require specialized instrumentation, but it is time consuming, requiring hours to overnight to obtain results, and it is unsuitable for highthroughput assays.
Alternatively, continuous time assays can be used in which the ATP hydrolysis reaction is coupled to reactions that use NADH as a substrate 28, 29 . Depletion of NADH can be monitored simply by the change in absorbance at 340 nm or in fluorescence (excitation at 340 nm and emission at 460 nm). The extent of these changes is proportional to the amount of ATP being hydrolyzed. The main limitation of coupled assays is that they generally require additional enzymatic and buffer components that might interfere with the helicase assay.
Reagentless biosensors have become a powerful method for measuring NTP hydrolysis in real time 10 . These biosensors are fluorescently modified proteins in which the intensity of fluo rescence increases upon binding a target molecule. For instance, the amount of free phosphate can be monitored using Escherichia coli phosphatebinding protein modified with a coumarin dye (PBPMDCC) 8, 9, 30 . ATP hydrolysis in the nanomolar range can be sensitively measured in real time via phosphate release. This method requires the addition of only a single component, reduc ing the likelihood of assay incompatibility.
More recently, different alternative fluorescent biosensors have become available for measuring ATP hydrolysis in real time. These include ADP transcreener (Bellbrook Labs), and ADP Quest (DiscoverRx). Although we have not used these reagents in our helicase assay, they should be compatible with the conditions we detail herein.
Experimental design
Nucleic acid substrate design and preparation. If the RNA substrate to be tested has less than 50 nt, modified loading and reporter strands can be synthesized by a commercial supplier ( Fig. 1a; ref. 6 ). The reporter RNA oligonucleotide, labeled with Cy3 at its 5′ end, is then annealed to the loading RNA oligo nucleotide labeled with a spectrally paired BHQ at its 3′ end. We have successfully used a number of different duplex sequences with various stabilities that can be melted by eIF4A (Table 1) 6 . Increasing or decreasing the length of the reporter or loading strand increases or decreases the length of the 5′ overhang rela tive to the duplex region ( Table 1 ). The length of the 3′ over hang can also be increased or decreased in a similar manner. The primary limitation of commercial RNA or DNA oligonucleotide synthesis is the loading strand length. This approach also limits the position where the reporter oligonucleotide can anneal on the loading strand, as the Cy3 and BHQ, which must come in close proximity after formation of the double strand, are positioned at the 5′ and 3′ ends of the two nucleic acid strands. To bypass this limitation, we optimized a doublereporter system with a 5′end Cy3labeled reporter strand and an additional reporter strand with a 3′end BHQ label designed to anneal at adjacent positions on an unlabeled loading strand ( Fig. 1b; ref. 7) . In this assay, we have successfully used the same 24nt Cy3 reporter as that from the singlereporter assay ( Table 2) . For efficient quenching, we have used a BHQmodified reporter strand that binds too strongly to the loading strand (calculated ∆G = −49.5 kcal/mol) to be released from it by eIF4A ( Table 2 ). The stability of this inter strand interaction ensures that only the rate of Cy3 strand dis sociation is monitored in the assay. The positions of the reporters on the loading strand can also be easily adjusted. The unmodified loading strand is generated using published methods for in vitro transcription reactions with minor modifications [31] [32] [33] , which enable researchers to easily obtain strands of different length and sequence. Steps 1-18 of the PROCEDURE describe an approach for generating large amounts of unmodified RNA for the in vitro helicase assays. This method is based on previously published protocols with minor modifications 31, 32, 34 .
RNA synthesis and purification. The RNA loading strands are transcribed by recombinant T7 RNA polymerase from DNA oligo nucleotides or PCR products. When DNA oligonucleotides are used, a T7 RNA polymerase promoter sequence is annealed to the singlestranded template oligonucleotide that carries a com plementary T7 polymerase promoter sequence followed by the sequence to be transcribed 31, 32, 34 . Alternatively, PCRamplified DNA sequences originating from either DNA oligonucleotides or plasmids can be used. For template strands with more than 100 nt, we typically use a 1ml PCR solution to obtain large quantities (50-100 µg) of DNA template for in vitro transcription. It is impor tant to verify that the PCR yields a single band of expected size by agarose gel electrophoresis to ensure homogeneous RNA loading strand preparation. Before in vitro transcription, it is essential to remove RNase contamination by phenolchloroform extraction of the DNA template followed by ethanol precipitation.
To transcribe milligramscale quantities of the RNA template strand, we carry out transcription reactions in a 1-5ml total volume for 1 h at 37 °C, which gives optimal yields while minimiz ing product degradation. After transcription, the RNA product can be efficiently gel purified if it is less than 200 nt in length. The geleluted RNA is then phenolchloroform extracted and ethanol precipitated. Although gel purification of longer RNAs can be undertaken, it will result in a substantial loss of RNA. However, this approach is recommended when you are initially characterizing the activity of a long RNA strand in the helicase assay. Alternatively, RNAs with more than 200 nt can generally be extracted with phenolchloroform and then ethanol precipi tated directly from the transcription reaction. Compared with the gelpurification approach, the main problem with this approach is that the loading strand is likely to be more heterogeneous in length and will still possess the contaminating DNA template. In addition, residual contaminating nucleotides, including ATP, may affect the activity of certain helicases. To minimize this contami nation, we use ammonium acetate in the ethanol precipitation step to reduce the precipitation of free nucleotides. Additional removal of free nucleotides is accomplished by passing the sample through Sephadex G25 or G50 spin columns, or through pro prietary desalting columns. With this methodology, we have had good success studying RNA remodeling on ~800ntlong loading strands.
DNA or RNA duplex annealing. Annealing reactions must be optimized for each set of substrates used in the unwinding assay. This optimization often requires testing different magnesium and salt concentrations so that any structures in the loading strand fold correctly and that there is efficient annealing of the reporter strand to the loading strand. In the singlereporter assay, the BHQmodified loading strand and the Cy3modified reporter strand are mixed in a 1:1 ratio. The ratio of the two strands can be varied by ~10% to optimize annealing efficiency, using the degree of fluorescence quenching as a gauge. However, the exact amount of duplex formation can only be verified by electrophore sis of the annealing reaction mixture on a nondenaturing gel 22 . In the doublereporter system assay, the Cy3labeled reporter strand, BHQmodified reporter and loading strand are mixed in a 1:1:1 ratio, again varying the ratio to achieve efficient fluo rescence quenching. The annealed complexes can be purified by native gel electrophoresis if it is essential to ensure that the exact stoichiometry is achieved 14 .
Strand annealing is carried out by denaturing the mix of the oligonucleotides at 80 °C in 1× reaction buffer. The reaction mix ture is cooled slowly to room temperature (~25 °C) over about 1 h before it is placed on ice for an additional 10 min. In our hands, annealing at high DNA or RNA concentrations (~500 nM) results in better initial fluorescence quenching (Fig. 2a) . After annealing and cooling the mixture to 4 °C, we add an excess amount of a competitor DNA strand, which is complementary to the Cy3 modified reporter strand ( Table 3) . This competitor prevents re annealing of the reporter strand during the unwinding reaction, and it should be used for accurate determination of the unwind ing rate constant. The degree of reannealing in the presence of the competitor strand can be determined by adding the loading strand, reporter strand(s) and DNA competitor together and monitoring the degree of quenching upon reaching equilib rium in the cuvette. We use a tenfold molar excess of competitor DNA to Cy3 reporter strand that inhibits ~90% of reannealing (Fig. 2b) . After addition of the competitor, the reaction mixture is incubated on ice for another 10 min to ensure that any unbound Cy3modified reporter strand is trapped by the DNA competitor before the unwinding reaction begins.
One caveat when using the DNA competitor approach is that the resulting RNADNA hybrid may serve as a substrate for some RNA helicases, reducing the amount of helicase available for the unwinding reaction. Should the helicase bind to the RNADNA hybrid, this interaction will likely stimulate the helicase's ATPase activity and further complicate the interpretation of coupling between ATP hydrolysis and duplex unwinding steps. This prob lem is not relevant to our studies of the human eIF4F complex, which does not unwind RNADNA hybrids 35 . A fluorescent DNA reporter strand could be used to solve this potential problem, as the resulting DNADNA duplex product is not a substrate for an RNA helicase. A hairpinforming DNA molecular beacon may, however, be a more straightforward solution 18, 19, 21 .
Unwinding reactions. After annealing, the doublestranded sub strate can be directly used in the unwinding reaction. We carry out our unwinding assays at 25 °C, as the phosphate release assay is also carried out at this temperature 10 . First, it is essential to calibrate the maximum possible fluorescence signal of the RNA reporter strand (Fig. 3) . A mock unwinding assay reaction mixture is prepared that contains all of the reaction components at the appropriate concentration and temperature in the absence of the BHQmodified oligonucleotide (Cy3modified oligonucleotide, loading oligonucleotide, ATP, competitor DNA and proteins). The maximum fluorescence reading also serves as a useful guide to determine how much Cy3 photobleaching occurs over time.
To measure unwinding activity, we combine our annealed RNA substrate (50 nM), the helicase and any other accessory proteins in our 1× reaction buffer. The baseline fluorescence is monitored for at least 100 s to verify substrate annealing and the absence of extraneous RNase activity (Fig. 3b) . The background fluo rescence is generally 1050% of the maximum fluorescence. For ATPdependent helicases, the unwinding reaction can be initiated by adding a saturating amount of ATP. Alternatively, the reaction can be initiated by the addition of the helicase itself. In this case, the background fluorescence should be measured with all the components present except for the helicase. Our assay measures the total fluorescence as a function of time. When using eIF4A and its accessory proteins 6, 7 , the unwinding profile reaches a maxi mum fluorescence within 6-8 min (Fig. 3b) . Please note that, to ensure reproducibility, the unwinding assay should be repeated at least three times.
Monitoring ATPase activity. The measurement of ATPase activ ity in the duplex unwinding reaction is a variation of the heli case assay described above, the only difference consisting in the addition of an extra protein component, the coumarinmodified phosphate binding protein (PBPMDCC) (Fig. 4) . Our protocol closely follows those previously described in detail by Martin Webb's group [8] [9] [10] . Notably, we have determined that the pres ence of this phosphate sensor in our unwinding assay does not change the rate of duplex unwinding by eIF4A (ref. 6). To be able to compare the rate of ATP hydrolysis with duplex unwinding, it is essential to carry out the unwinding assay and the ATPase assay under identical conditions. The only variation to the unwinding assay described above is that the ATPase assay is initiated by the addition of the helicase rather than ATP (which is instead present in the initial reaction mixture). As a control, the unwinding assay can be initiated by the addition of helicase to an ATPcontaining reaction mixture to determine whether any meaningful changes in unwinding rates are observed. Also, for the ATPase activity assay, competitor Dna/rna hybrid products
it is important to repeat each acquisition at least three times to ensure reproducibility. It is essential to calibrate the fluorescent signal generated by phosphate binding to the PBPMDCC protein. To this end, dilu tions of P i are generated and the total fluorescence of the PBP MDCC protein for each concentration of P i is recorded (Fig. 4b) . The change in fluorescence per micromole of P i is simply calcu lated from the slope of the linear portion of the dilution range. The total change in fluorescence during the unwinding reaction can then be compared with the linear fit of the P i calibration to determine the rate of P i produced. Importantly, a large excess of PBPMDCC (~10 µM) must be used in the reaction so that the protein itself does not limit the rate of P i binding.
To measure the ATPase activity during unwinding, the reaction is incubated with all the components (minus helicase) at 25 °C for 100 s, or until the fluorescence signal has stabilized. A large increase in fluorescence generally indicates that one or more of the components is contaminated with P i . If it is not possible to identify and remove these contaminants, a phosphate mop can be used to reduce the background 10 . In a separate control reaction, the heli case should also be tested for contamination by P i by monitoring total fluorescence in the absence of ATP. The ATPase reaction is initiated by the addition of the helicase to the cuvette. Total cou marin fluorescence emission is then recorded over time until the fluorescence reading reaches a plateau. This plateau is generally reached in the same time frame as the unwinding reactions. Data analysis. To quantify the unwinding activity, the fraction of duplex unwound at each time point must be calculated. This quantification is made possible by calibrating the assay using the maximum fluorescence and the baseline fluorescence immedi ately after addition of ATP. The baseline fluorescence is subtracted from the values for each time point and from the maximum fluo rescence (Fig. 3b,c) . A control reaction should be initially carried out by adding buffer rather than ATP solution to verify that the expected baseline for a particular substrate is obtained (Fig. 3b) .
Performing this control experiment is particularly important if duplex unwinding is rapid upon ATP addition. We also find that fluorescence intensity can vary slightly depending on the exact cuvette position in the holder of the fluorometer. Care should therefore be taken to obtain reproducible cuvette placement in the fluorometer holder. The fraction of duplex unwound for each time point is obtained by simply dividing the baselinecorrected fluorescence values at each time point by the corrected maximum fluorescence value (Fig. 3c) : fraction of duplex unwound = (baselinecorrected fluorescence)/(baselinecorrected maximum fluorescence). The fraction of duplex unwound versus time can be fit to single or doubleexponential equations to obtain rate constants for this process (Fig. 3d) . It is worth mentioning that we sometimes discount data from the first 10 s after the addition of ATP because they are sometimes unreliable owing to variations in mixing time. Alternately, it is possible to measure the initial rate of unwind ing from the slope of the initial linear part of the unwinding curve as a fraction of duplex unwound per minute. The fraction of duplex unwound per minute for different concentrations of helicase can then be plotted against the protein concentration and fit to the Hill equation:
where fraction/minute is the initial rate of duplex unwinding at any given protein concentration [x] ; A is the maximum initial rate of unwinding; K d is the apparent dissociation constant of the proteinsubstrate interaction; and n is the Hill coefficient. It is important to repeat this fit with a reaction that uses half the concentration of substrate to confirm the apparent dissociation constants. Oligonucleotides Suspend all synthesized lyophilized oligonucleotides (received from commercial supplier IDT) to a 100µM concentration in 10 mM For the phosphate release assay, fluorescence measurements are carried out using excitation and emission wavelengths of 430 nm and 465 nm, respectively. To reduce signaltonoise ratio, optimize the entrance and exit slit widths and integration time for your particular machine. Time increments will depend on the kinetics of your unwinding reactions and can be varied accordingly. Dry bath heating block Set the block temperature to 80 °C. proceDure preparation of Dna template • tIMInG 1.5 h  crItIcal Proper techniques must be used to avoid RNase contamination when preparing and working with RNA substrates. The use of gloves and RNase-free reagents and consumables is essential. We strongly recommend the use of filter-tip pipette tips for all work with RNA. Fluorescently modified oligonucleotides are sensitive to light and should be stored appropriately to avoid light damage.
MaterIals

REAGENTS
• • • • • • • • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • • • • TrisHCl (pH 8
1|
Generate the DNA template for transcription by PCR. Please note that if the template to be obtained is relatively short, up to ~40 bp, instead of generating it by PCR, we recommend purchasing the relevant oligonucleotides, solutions of which can then undergo the procedures described from Step 2 onward. Design these oligonucleotides to include a T7 promoter sequence that is located in a duplex region, as described previously 7, 31, 32, 34 . For templates longer than 40 bp, use PCR to amplify a defined sequence of plasmid DNA. A T7 promoter can also be added during PCR, if one is not already present in the plasmid sequence 32 . We use a standard published protocol for generating templates by PCRs 37 . Reactions typically include 10-500 ng of plasmid template, 200 µM dNTPs, ~0.2 µM forward and reverse primers, and 5 units/µl of PFU DNA polymerase. PCRs are carried out for 25-30 cycles.  pause poInt PCR mixtures can be stored at −20 °C indefinitely.
2|
Add an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) to the solution of template DNA from Step 1. We recommend starting with between 100 µl and 200 µl volume of DNA template solution in a 1.5-ml tube. Please note that we have not found it necessary to incubate the tube on ice during the phenol-chloroform extraction procedure.
3| Vortex the 1.5-ml tube for 15 s and then centrifuge at 20,000g for 2 min to separate the phases. This centrifugation can be carried out at room temperature or at 4 °C with equal success.
4|
Remove the bottom phase carefully (phenol-chloroform) and discard it into the laboratory phenol waste. We recommend leaving a small amount (~10 µl) of the bottom phase so that no amount of upper phase is mistakenly discarded.
5|
Repeat Steps 2-4 a further two times so that three phenol-chloroform extractions are carried out in total.
6|
Add to the tube an equal volume of chloroform.
7|
Vortex the tube for 15 s, and then centrifuge it at 20,000g for 2 min to separate the phases. This centrifugation can be carried out at room temperature or at 4 °C.
8|
Isolate the top aqueous layer (containing the DNA template) and transfer it to a new tube. Be careful not to remove any of the lower phase at this stage. Add a one-tenth volume of 3 M ammonium acetate (pH 5.2), and then 2.5 volumes of ice-cold 100% ethanol.
9|
Vortex the tube containing the template DNA solution from Step 8 for 15 s and place it on dry ice for 30 min or at −80 °C for 1 h.  pause poInt The resulting precipitation mixture may be left overnight on dry ice or at −80 °C.
10|
Centrifuge the tube from Step 9 at 20,000g for 30 min at 4 °C in a microcentrifuge. Carefully remove all the liquid from the tube and leave the tube open to dry on the bench for 10 min. We recommend placing a Kimwipe over the tube to prevent any dust from entering the tube.
11|
Resuspend the DNA dried at the bottom of the tube in an appropriate volume of 10 mM Tris (pH 8) so that the final DNA concentration is ~100 µM.  pause poInt The purified DNA solution can be stored at −20 °C indefinitely.
Dna template annealing • tIMInG 15 min  crItIcal We have found that the annealing reaction is not required if the DNA template has been obtained via PCR, so, if the DNA template was prepared via PCR, we advise readers to skip Steps 12-14 and go directly to Step 15.
12| Prepare 50 µl of an annealing solution containing 20 µM T7 DNA oligonucleotide and 20 µM template DNA oligonucleotide in a 1:1 ratio in annealing buffer. This annealing reaction volume is sufficient for 5 ml of transcription reaction and can be prepared in a 1.5-ml Eppendorf tube.
13|
Incubate the reaction mixture at 80 °C for 2 min to cause the two DNA strands to denature, and then allow it to cool to room temperature in an Eppendorf tube rack (for ~5 min).
14|
Place the reaction mixture on ice for 10 min to ensure optimal annealing. transcription • tIMInG 1 h 15| The scale of the transcription reaction will depend on how much RNA is required. Before proceeding with the preparative scale reaction detailed in Steps 16 and 17, test a new template in a relatively small reaction (~20 µl) to ensure that the template is free of RNases and can be transcribed successfully. This test is conducted by appropriately scaling the volumes provided in the table shown in Step 16. Analyze the products of the reaction by separating them on an analytical denaturing acrylamide gel (see below in Step 18).
16|
For preparative scale reactions of short RNAs (<200 nt), typically prepare a 5-ml transcription reaction as described in the table below. This large volume is appropriate when the final RNA product will be purified using a denaturing gel. For longer RNA constructs (>200 nt), we have had good success using a smaller, 1-ml transcription reaction mixture followed directly by phenol-chloroform extraction (see Step 18) . If a PCR-obtained DNA template is being used, we recommend using a 50 µg/ml concentration of the DNA template solution (which will not have passed through the annealing procedure of steps [12] [13] [14] in the transcription reaction.
17|
Incubate the transcription reaction at 37 °C for 1 h.  crItIcal step Avoid incubating for more than 1 h, as long incubation times typically lead to an increase in the amount of RNA products that are shorter than desired.  pause poInt This reaction mixture can be stored at −20 °C overnight or for weeks at −80 °C.
rna purification • tIMInG 1.5-4 h 18| After transcription, purify short RNAs (<200 nt) produced according to option A or long RNAs (≥200 nt) according to option B.
(a) Denaturing gel rna purification (i) Use 30 cm × 20 cm gel plates with a 6-mm spacer to purify a 5-ml transcription reaction. This size gel requires ~250 ml of gel solution. The gel percentage will depend on the size of the RNA product and can be chosen according to published data for migration of nucleotides on denaturing gels 38 . A single large well across the gel is used to load the transcription reaction, with a second smaller well used to load 50 µl of RNA gel marker (bromophenol blue and xylene cyanol).
(ii) Prerun the gel for 1 h in 0.5× TBE running buffer at ~40 W constant power in the cold room (4 °C) to ensure a constant gel temperature and running buffer equilibration. Mix the transcription reaction with an equal volume of formamide and heat the resulting solution to 70 °C for 3 min. Next, place the sample on ice for 5 min before loading it onto the gel. Make sure that you flush out the gel lane(s) thoroughly with running buffer with a syringe before loading the transcription reaction. (iii) Run the gel electrophoresis experiment at ~40 W for roughly 3 h, increasing or decreasing this duration depending on the size of the RNA product. Use the gel markers' rate of migration through the gel as a rough guide to the size-based corresponding rate of the RNA bands 38 . (iv) Remove the gel plates from the apparatus and place them flat on the bench. We recommend using a fresh piece of bench coat to place the gel on to avoid possible contamination. Carefully separate the gel plates and lay a piece of clean Saran Wrap over the gel. Turn the gel over so that it is resting on the Saran Wrap and remove the other gel plate. Place another piece of Saran Wrap over the gel. (v) Visualize the RNA product by UV shadowing. Place a TLC plate underneath the Saran Wrap underneath the gel, and the nucleic acids, if present, will appear as dark bands when illuminated from above by a handheld UV lamp. Use a Sharpie pen to outline the RNA band on the Saran wrap. (vi) Use a sterile razor blade (passed through a flame using forceps) to cut around the RNA band. Transfer the gel piece to a 50-ml conical tube with clean, RNase-free forceps. Use a sterile 10-ml serological pipette to crush the gel into small (~2-mm)-sized pieces. Accomplish this task by repeatedly pushing the gel against the tube wall with the pipette. Add Milli-Q filtered water to fill the tube to the 50-ml mark and place the tube on a rotating mixer. Activate the mixer and keep the tube on it overnight at 4 °C. (vii) Recover the RNA in solution by centrifuging the 50-ml conical tube for 3 min at 1,000g and at 4 °C. Filter the supernatant into a new 50-ml conical tube using a 0.22-µm conical tube filter top. Resuspend the gel pieces in ~20 ml of Milli-Q filtered water and vortex for 30 s. Centrifuge the conical tube for 3 min at 1,000g and at 4 °C. Filter the supernatant as described above and pool it with the first supernatant. (viii) Concentrate the supernatant down to ~2 ml using a 15-ml Amicon Ultra filtration unit with a molecular weight cutoff that is appropriate for the size of the RNA product. Duplex annealing • tIMInG 1-1.5 h 19| Prepare a 1 µM working stock solution of the Cy3-labeled reporter strand diluted in 1× reaction buffer.  crItIcal step This concentration is used so that the same stock can be directly used to prepare the helicase assay reaction and the reaction needed to measure the maximum fluorescence (Step 29).
20| Prepare a 10 µM working stock solution of BHQ-labeled reporter strand in 1× reaction buffer.
21| Prepare a 10 µM working stock of unlabeled loading strand in 1× reaction buffer.
22|
Mix the three RNA strand solutions to obtain a final 500 nM working concentration for each strand. Final volume23| Remove a prewarmed 80 °C heating block from the dry bath and place it on the lab bench. Place the annealing reaction mixture prepared in Step 22 into the 80 °C heating block and let it cool to room temperature (~1 h).  crItIcal step Cover the block containing the annealing reaction mixture with foil to avoid photobleaching by ambient light. ? trouBlesHootInG
24|
Spin the tube at 10,000g for 5 s in a microcentrifuge at room temperature and place it on ice for 10 min.
25|
Transfer 250 µl of the solution from
Step 24 to a new RNase-free 1.5-ml Eppendorf tube and add 12.5 µl of a 100 µM solution of competitor DNA and 237.5 µl of 1× reaction buffer. Mix and incubate on ice for 10 min to sequester any free Cy3-labeled RNA.
? trouBlesHootInG  pause poInt The annealed RNA solution can be stored in the dark on ice for ~3 h. 28| Transfer 70 µl of the mix prepared in Step 27 to the 50-µl quartz cuvette and measure the fluorescence at the plateau, which should be reached after ~100 s. Record the raw fluorescence units as the maximum fluorescence. Repeat Steps 27 and 28 two more times to obtain an average fluorescence reading (Fig. 3a) .  crItIcal step Avoid the formation of bubbles when transferring the sample to the cuvette. Bubbles will markedly influence the fluorescence reading. 
31|
Remove the cuvette from spectrophotometer and add to it 7 µl of 20 mM ATP to initiate the reaction. Tap the cuvette three times to mix, and then place it back into the chamber of the fluorometer. Please note that it is also possible to add the ATP directly to the cuvette without removing it from the machine. In this case, the sample must be mixed well by pipetting. We have obtained similar results with either approach.
32|
Record total fluorescence (duplex unwinding activity) until saturation is reached, which typically takes 3-10 min, depending on the efficiency of the helicase (Fig. 3b) 
34|
Transfer 63 µl of the solution prepared in Step 33 to the 50-µl quartz cuvette. Record the PBP-MDCC fluorescence for a total of ~100 s as you allow the reaction mixture to equilibrate to room temperature (or the reaction temperature of your choice).
? trouBlesHootInG
35|
Remove the cuvette from spectrophotometer and add to it 7 µl of 10 µM helicase (eIF4A in our case) to initiate the reaction. Tap the cuvette three times to mix, and then place it back into the chamber. It is also possible to add the helicase directly to the cuvette without removing it from the machine. We have obtained similar results with either approach.
36|
Record the total fluorescence (ATPase activity) until a plateau is reached, which typically occurs in 3-10 min, depending on the efficiency of the helicase (Fig. 4a) . ? trouBlesHootInG
37|
To determine the ATPase activity in the absence of RNA substrate, repeat Steps 33-36 in the absence of RNA.
Generating a p i calibration curve • tIMInG 30 min 38| Add 10 µl of 100 µM PBP-MDCC and 90 µl of 1× reaction buffer to an RNase-free 1.5-ml Eppendorf tube. Mix and transfer the contents to a 50-µl quartz cuvette.
39|
Incubate the solution in the cuvette for ~100 s and record the total fluorescence intensity at excitation and emission wavelengths of 430 nm and 465 nm, respectively. Consider this fluorescence value as the 0 µM P i (Fig. 4b) .
40| Take separate measurements of solutions with final concentrations of 1, 2, 3, 4, 5 and 10 µM P i . For this purpose, add 10 µl of 10, 20, 30, 40, 50 and 100 µM P i , respectively, to 10 µl of 100 µM PBP-MDCC and 80 µl of 1× reaction buffer for a total volume of 100 µl (Fig. 4b) .
Data analysis • tIMInG ~1 h 41| Calibrate the unwinding reaction using the maximum total fluorescence (Step 28) and the baseline total fluorescence when unwinding is initiated (Step 31). Owing to a dilution effect, the baseline fluorescence value measured immediately after addition of ATP should be ~10% lower to that measured before the addition of ATP. ? trouBlesHootInG 42| Subtract the baseline fluorescence value from the maximum fluorescence value.
43|
Subtract the baseline fluorescence value from each fluorescence data point determined during the unwinding reaction. 
44|
where RNAss represents the fraction of single-stranded RNA released as a function of time; A 1 is the total unwinding amplitude of the rapid unwinding phase; k 1 is the unwinding rate constant of the rapid unwinding phase; A 2 is the total unwinding amplitude of the slow unwinding phase; and k 2 is the unwinding rate constant of the slow unwinding phase.
49|
To analyze the ATPase data, calibrate the change in fluorescence of PBP-MDCC in the same way described for the helicase assay (Steps 41-43).
50|
Estimate the amount of ATP hydrolyzed per duplex unwound by dividing the initial rate of duplex unwinding by the initial rate of ATP hydrolysis.
? trouBlesHootInG step 23 Generating an annealed substrate by mixing equimolar amounts of each strand is not 100% efficient, and it is likely to result in some unannealed RNA strands. We have not found it necessary to purify the annealed RNA substrate, but this could be carried out using native gel purification. In either the single-or double-reporter systems, a suitable level of fluorescence quenching must be verified. We typically observe between 50% and 90% quenching efficiency in our assays. When using the double-reporter system, we have found that the degree of quenching can depend on how extensively structured the loading RNA strand is in regions not involved in the interaction with the reporter strands. The quenching efficiency is easily determined by monitoring the total fluorescence before and after the annealing reaction. If a very low quenching efficiency (~50%) is observed, the annealing buffer and cooling procedure should be optimized for the RNA in question. If changes in the annealing buffer and conditions do not improve quenching efficiency, changing the positions and/or sequences of the reporter strands should be considered.
step 25
The fluorophores are sensitive to light, and we have found that their fluorescence intensity diminishes substantially after a few hours. To minimize this problem, keep all annealed stocks on ice and in the dark at all times, which is achieved by simply covering the ice bucket with a lid. Please note that we have not observed any substantial strand exchange from the loading strand between the reporter and the DNA competitor over the course of a few hours at 4 °C.
step 26
Proteins may precipitate from solution as the day progresses. We have found that some purified proteins are relatively unstable after a number of hours in solution in the 1× reaction buffer. Check for protein precipitation throughout the day to ensure protein solubility and activity in the assay. Make new protein stocks in 1× reaction buffer if the proteins lose activity throughout the day.
step 28
The experiment may suffer from a lack of reproducibility. We find that assay components such as the loading RNA strand, DNA competitor, ATP, the helicase of interest and other proteins can alter the maximum fluorescence of the Cy3 dye. We therefore measure the maximum fluorescence in the presence of all components used in the unwinding reaction to avoid calibration errors. For reproducibility, we incubate the reaction components for at least 100 s, or until the maximum fluorescence reading has stabilized. A control reaction should also be implemented in which a nonhydrolyzable ATP analog is used instead of ATP to determine whether helicase binding to the duplex alters total fluorescence.
step 30
A rapid increase in total fluorescence during this stage typically reflects RNase contamination of one or more of the components or the cuvette. The cuvette should be thoroughly washed in nitric acid and rinsed extensively with filtered water before you attempt to set up another assay. Each component will need to be checked for RNase activity if the same rapid increase in fluorescence occurs after cleaning the cuvette. Before ATP addition, a less substantial increase in fluorescence may indicate an ATP-independent strand exchange on the loading strand between the reporter and the competitor DNA.
step 32
Should a time course longer than ~10 min be needed to observe unwinding, constant excitation of the fluorophore will probably result in destruction of the fluorophore by photobleaching. To avoid this problem, it may be necessary to record time points less frequently so that the fluorophore is not constantly excited.
step 34
Extraneous P i contamination may be observed if the background coumarin fluorescence increases more than ~10% upon addition of the assay components. A phosphate mop (0.01 U/ml PNPase and 200 µM 7-MEG) can be added to the reaction to reduce the level of any contaminating P i in the purified proteins and other components used. We have not observed any need for this precaution in our particular assays owing to the low levels of contaminating P i in our components.
step 36
It is likely that the helicase will keep hydrolyzing ATP even after the duplex has been unwound. The reasons for this observation may include binding of the helicase to single-stranded RNA or to the DNA/RNA hybrid. The amount of DNA competitor strand used to prevent re-annealing may also change the rate of ATP hydrolysis. Control experiments should therefore be carried out to determine the extent to which the presence and amount of different substrates stimulate the ATPase activity of the helicase being tested.
step 41
The decrease in fluorescence baseline after addition of ATP may be larger than the dilution-associated 10%. This biggerthan-expected drop in fluorescence may occur if the helicase activity is rapid or if the cuvette is not in perfect alignment before and/or after ATP addition. If the change in baseline fluorescence level following ATP addition is substantially different from what is expected, an alternative method of ATP addition may be necessary. The use of a rapid mixing technique, such as stopped-flow, may be necessary if manual pipetting is not reliable.
